ABSTRACT: Introduction: Many prognostic factors have been studied in carpal tunnel decompression, but most studies consider only a subset of variables. Methods: Three thousand three hundred thirty-two operations were used to develop prognostic models, and 885 operations were used for validation. Outcome recorded on a Likert scale was dichotomized into success or failure. Modeling was performed with both logistic regression and artificial neural networks using 87 candidate variables. Results: Both approaches produced predictive multivariate models for outcome with areas under a receiver operating characteristic curve of 0.7 in the validation data set. Patients with moderately severe nerve conduction abnormalities, night waking, a family history of carpal tunnel syndrome, a good response to corticosteroid injection, and women have better outcomes. Greater functional impairment, diabetes, hypertension, and surgery on the dominant hand are associated with poorer outcomes. Discussion: A multivariate model partially predicts the outcome of carpal tunnel surgery, aids decision making, and helps to manage patient expectations.
Carpal tunnel syndrome (CTS) is the most common localized peripheral nerve disorder worldwide. Carpal tunnel decompression is one of the most commonly performed surgical procedures, with over 54,000 operations reported in United Kingdom hospital episode statistics for 2014-2015. Although it is mostly a successful intervention, it is not infallible. Approximately 75% of patients obtain excellent results, 22% are left with significant residual symptoms and about 8% of patients consider themselves to be worse off after the operation. 1 Some poor outcomes are a result of events occurring during surgery, such as incomplete division of the transverse carpal ligament 2 or iatrogenic nerve injury. Such perioperative mishaps are unlikely to be predictable, but some prognostic factors are known before surgery. It is therefore possible to warn patients when they have a lower probability of a good outcome.
There is an extensive literature identifying possible prognostic indicators for carpal tunnel decompression, but prior studies have looked at limited subsets of variables, often in small series of operations and sometimes without using multivariate analyses to tease out which factors are independently significant predictors. This study attempts to develop and validate a comprehensive, multivariate prognostic model for carpal tunnel surgery in a large sample of ordinary National Health Service surgical procedures, covering as many of the possibly relevant variables as possible, in a prospectively collected data set.
MATERIALS AND METHODS
The data are derived from the computerized clinical records of the Canterbury CTS Clinic. Since 1992, patients attending the neurophysiology department at the Kent and Canterbury Hospital (Canterbury, Kent, United Kingdom) have had details of their clinical presentation and nerve conduction studies stored in a database, and they have been followed up for the purpose of recording responses to treatment. As a result of local investigation and treatment policies, the clinic sees almost all new cases of CTS presenting for medical attention in a catchment area of approximately 700,000 people. For model development, we identified from this database all patients that were seen between 1997 and 2011 for whom patient-reported outcomes of surgery on one or both hands had been recorded and for whom a full set of preoperative data was available. We chose to use the patient-reported outcome of surgery as the primary outcome to be predicted because this is the result that matters to patients when deciding on treatment. All patients with documented CTS referred for surgery during the study period were eligible for the study, even when surgery itself took place after the end of 2011, and there were no exclusions. Documented CTS was defined as a clinically consistent presentation supported by abnormal nerve conduction study (NCS) results, abnormal ultrasound imaging results, or a positive response to local corticosteroid injection; this avoided limiting the study to neurophysiologically confirmed CTS. The full set of demographic, clinical and neurophysiological variables recorded as possible prognostic factors is shown in Supporting Information Table 1 .
Surgery was performed by consultant orthopedic or general surgeons or their trainees or by primary care surgeons specializing in carpal tunnel surgery using standard open carpal tunnel decompression. Surgical outcomes were recorded both as an overall subjective opinion from the patient on an ordinal scale (worse, unchanged, slightly better, much better, completely cured) and as preoperative and postoperative symptom severity score (SSS) and functional status score (FSS). 3 Outcomes were recorded 1-3 years after surgery to capture the final result of the operation rather than any shortterm complications, except in 1 circumstance. A few patients presented relatively soon after surgery with a clearly failed operation requiring reoperation, and in these cases the outcome of the index operation was recorded at the time of identification of the requirement for additional surgery because the outcome at any later time would have been confounded by the second operation. Reoperations were included in the data set and identified as such as a possible predictor variable. To identify significant prognostic factors, we used 2 different mathematical approaches that we have previously applied to making the diagnosis of CTS. 4 To simplify the task, we attempted to build only models that would predict whether an operation would be considered successful (cured or much better) or not (better, same, or worse).
For validation of the models, using the same eligibility criteria and no exclusions, we identified an additional set of operations that had been carried out in the same clinical care pathway between 2011 and 2014. All of the neural network and regression models derived from the training set were then reevaluated for predictive performance using these new data.
Two forms of analysis were used. First, we used a traditional regression approach (Stata version 14; StataCorp, College Station, Texas). Univariate analyses were carried out for all variables in the initial data set in relation to the binary success or failure outcome, and then all variables were entered into a logistic regression model. Because we wished to discover whether the same variables would be equally weighted by the regression model and by our second approach, we did not carry out either forward or backward variable selection of the model initially; however, forward and backward stepwise selection were employed subsequently to explore whether simplified regression models were equally accurate.
Second, we used a neural network approach employing the full variable set to model the prognostic problem and examine influential network variables (MATLAB version 8.3.0.532; MathWorks, Natick, Massachusetts). This approach used 2-layer multilayer perceptron (MLP) networks, systematically varying the number of hidden neurons, hidden layer transfer function, and training algorithm to determine the most effective network architecture. All MLP combinations were tested by using 1-35 neurons in the hidden layer. The full combinations of architectures trialled can be found in Supporting Information Table 2 . To determine the optimal network architecture, 200 MLPs were trained for each architecture combination. From this, the resultant receiver operating characteristic (ROC) curve was considered, and the architecture combination with the highest average area under the curve (AUC) was retained for additional investigation. Such investigations trained the selected architecture an additional 50 times by using random weight initializations, and the final network selected was that with the highest AUC after training. This final network was analyzed by using connection weight analysis 5 to examine influential prognostic variables within the model.
These 2 approaches generate model coefficients which are not directly comparable, but it is possible to compare the overall performance of the models in predicting the outcome of surgery. This task is mathematically identical to that of assessing the sensitivity and specificity of a diagnostic test and is best summarized in an ROC curve. Receiver operating characteristic curves were therefore generated for each model.
Data used for this study were wholly anonymized, and there is no risk of identification of individual patients from the published analyses. Generic ethics permission was obtained from the London South East Research Ethics Committee for use of anonymized data from the Canterbury CTS database in studies of this type. Persons interested in the source data should contact the corresponding author.
RESULTS
The training and test participants are described in Table 1 and are clinically comparable except that the overall success rate of surgery (patient reports of much better or cured) was significantly greater in the test than in the training data set ( 81% vs. 76%, P < 0.01, χ 2 ). Eighty-four patients in the training data set and 45 patients in the test data set had normal (9) 144 (7) 252 (8) 18 (6) 27 (5) 45 (5) Same, n (%)
69 (6) 90 (4) 159 (5) 22 (7) 30 (5) 52 (6) Better, n (%)
138 (12) 236 (11) 374 (11) 24 (8) 47 (8) NCS before surgery; the diagnosis of CTS in these cases was based on a combination of clinical features, ultrasound imaging, and response to corticosteroid injection.
Logistic Regression Model. In an initial analysis of the training set, to establish which predictors to include in the model, both forward and backward selections of variables were applied by using thresholds of 0.1-0.9, increasing in steps of 0.1. The criterion used for the predictive power of the models was the AUC. The values of the AUC were fairly stable, increasing slightly with the number of predictors in the model. The most parsimonious logistic regression model was obtained with forward selection by using a threshold of 0.1 and contained 26 variables. The results of its fitting are given in Supporting Information Table 3 . In addition, the risk ratios of the selected prognostic factors are included, together with their confidence intervals. The unpruned logistic regression model including all variables, for comparison with the neural network, achieved an AUC of 0.703 ( Fig. 1) Neural Network. Within the neural network approach, the result of trialling the architecture combinations as outlined in Supporting Information Table 2 was that the most effective architecture identified was that using conjugate gradient backpropagation with Powell-Beale restarts, 35 neurons in the hidden layer, and a sigmoidal transfer function. This combination resulted in an average AUC of 0.763 (95% CI 0.758-0.769) and was significantly better (t = 2.9, df = 331, P = 0.002) than the next closest combination; gradient descent with momentum and adaptive learning, hyperbolic tangent transfer, and 35 hidden neurons, which resulted in an average AUC of 0.753 (95% CI 0.750-0.757). Using the most effective network architecture and 50 random weight initializations to examine whether a generalizable individual network may be identified for application to the prognostic problem resulted in all networks trained performing better than chance. To examine the generalizability of the neural networks and to ensure that networks were not being overtrained, the individual network with the highest training AUC (0.7668) was applied to the prospective test set of data. This application resulted in the test data set ROC curve shown in Figure 2 , with an AUC of 0.688 and, at the default 0.5 cutpoint, sensitivity of 68.8% and specificity of 58.9%. Because conventionally optimising ROC curve cutoffs resulted in a less than clinically optimal cutpoint of 0.087 (99% sensitivity and 7.1% specificity), alternative potentially clinically useful cutoffs were considered, resulting in 2 potential options-0.3937, which prioritized sensitivity (79.5% sensitivity against 50% specificity) and 0.6011 to prioritize specificity (72.6% specificity against 53% sensitivity).
Within the final selected network, connection weight analysis revealed the variables with the largest positive and negative weightings. No directly mathematically comparable factor weight values are available for the 2 approaches, but in Table 2 we compare the variables having the largest positive and negative standardized weights (estimated weight/ estimated standard error) from the unpruned logistic regression with the network weights from the neural network.
Both mathematical approaches found that preoperative NCSs of moderate severity, female gender, the presence of a family history of CTS, a history of "waking and shaking" at night, and a prior history of good response to injection are indicators of better surgical prognosis. Surgery on the dominant hand, variables related to the presence of diabetes, indicators of more severe functional impairment, and a manual occupation are associated with a poorer prognosis. Both resulting prognostic models are moderately predictive of outcome, with areas under their ROC curves of about 0.7 when prospectively tested on a new data set.
DISCUSSION
We found 51 prior studies of prognostic factors for carpal tunnel surgery, no two of which studied the same combination of possible predictor variables to permit satisfactory meta-analysis. Most had samples of fewer than 200 operations.
The most comparable prior multivariate study 6 differs from ours in concluding that only age and sex were significant independent predictors of outcome. This study involved 1,031 operations but excluded from consideration some patients, such as those with a prior history of surgery on the other side. A full listing of the predictor variables was not given, but it appears that the study covered approximately 10 factors, some of them treated as multiple-level variables, to arrive at 77 total factors. The inability of this study to detect the influence of nerve conduction measurements is perhaps related to differences in the methods of encoding and analyzing the NCS results. NCS severity was represented mainly by a single variable, the median/ulnar latency difference, with 1 additional variable for patients when this was unrecordable and 1 for patients with fibrillation potentials on electromyography. The modeling that was used seems to have assumed that the relationship between median/ulnar latency difference and outcome would be linear. Some preoperative variables either have been studied sufficiently in the previous literature or are so controversial that it is worth comparing our findings with previous studies.
Nerve Conduction Studies. Two of the largest previous studies carried out univariate analyses of the predictive value of NCS in 460 operations 7 and in 465 operations, 8 with both concluding that NCSs have no predictive value. Other prior studies have reached contradictory conclusions, some claiming that more severe abnormalities are associated with a better prognosis, 9 some claiming the converse, 10 and others claiming that they have no relationship with prognosis at all. 11 Both of our models confirm our previous finding that patients with neurophysiological abnormalities in the middle of the Canterbury severity scale have the best prognosis. 12 The explanation for this variety of findings can be found in the nonlinear nature of the relationship and the study populations. Studies that recruit milder cases find that more severe nerve conduction abnormalities correlate with a better prognosis, whereas studies that recruit generally more severe cases find the converse. Studies that do not adequately stratify the neurophysiological results find no relationship.
Sex. Two prior studies identified a better prognosis in men, 13, 14 and 3 studies identified a better prognosis in women. 6, 15, 16 Our data suggest that, when all other factors are taken into account, female gender is a positive outcome predictor.
Duration of Symptoms. Despite duration of symptoms before surgery having been identified as a poor prognostic factor in several previous studies, 16, 17 only our conventional logistic regression model identified this as a negative prognostic factor. It is our view that the neurophysiological severity of nerve damage is a more important factor than the duration of history because in our data there is little correlation between duration of symptoms and severity, with some patients having had mild CTS for many years before deciding to proceed to surgery, whereas others appear rapidly to develop severe CTS.
Diabetes. Prior studies have produced conflicting results. 11, 18, 19 The most recent high-quality study 20 found no difference in outcome between 35 diabetic and 31 nondiabetic patients 5 years after carpal tunnel surgery. Our data include a considerably larger sample of diabetic patients with a wide range of types and durations. Two of the variables relating to diabetic status appear in our results as negative prognostic factors. The artificial neural network identified simply the presence of diabetes as 1 of its most heavily weighted negative predictors, whereas the regression model identified diabetic type (insulin dependent or not) as a negative predictor. The selection of 2 different forms of essentially the same factor may be an artifact of the way in which data were encoded for use by the 2 different mathematical approaches. Overall, we think that these data indicate that diabetic patients do have slightly poorer outcomes than nondiabetic patients, and it is likely that the Thomsen et al. 20 study simply did not have enough power to detect the difference.
Reported Benefit From Injection. A positive response to injection both helps to confirm that the diagnosis is indeed CTS and demonstrates that symptoms are potentially reversible. Our findings confirm those of others, 21, 22 that injection is a useful prognostic tactic before surgery.
Unexpected Factors. History of hypertension was identified in both models as a poor prognostic factor. This has not previously been studied and may be a general marker of ill health in this context. A history of also suffering from stenosing tenosynovitis (trigger digit) was identified as a positive prognostic factor by both models, contrary to what one might expect if the impairment of hand function from having trigger digits is additive with problems resulting from CTS.
Our study has power to detect fairly modest influences of preoperative variables on patient-reported surgical outcome even when confounded by other variables. Our data represent the ordinary practice of carpal tunnel surgery in the United Kingdom rather than the outcomes achieved by specialist surgeons with an interest in CTS. The results should therefore be generalizable to ordinary practice in the United Kingdom and elsewhere. Our outcome measurement has been simplified to a very simple binary assessment of success, losing some of the subtlety of our outcome data, but this should be easier for all patients to understand. Although our data are collected prospectively, we do not have the resources to pursue all patients for outcome data. Some patients for whom we have baseline data will have had operations that we do not know about, and some patients who have had operations that we know about do not provide follow-up data on the outcome. Because this study was carried out in the United Kingdom, where industrial compensation claims for CTS are rare, it was not possible to study this prognostic factor despite its relevance having been extensively documented in the American literature. At present, our routinely collected data from CTS patients do not contain any formal psychological profiling. It has recently been pointed out that psychological factors have a major bearing on at least one aspect of the outcome of carpal tunnel surgery, time to return to work. 23 It is quite possible that patient expectations and personality types may have important influences on other outcome measures for surgery. There may also be "unknown unknowns," factors that are important but that we have not yet considered and, therefore, have not recorded. One observation may compromise our prospective validation of the models. It is apparent that the surgical success rate in our clinic between 2011 and 2014 was significantly better than it was between 1997 and 2011. It is possible that, while we have been engaged in collecting this data, we have in fact learned to make better choices regarding which patients we send for surgery.
These results provide a framework that can be used to advise patients who are considering surgery for CTS regarding whether they have personal and disease factors that affect their chances of a good result, although, of course, no preoperative assessment will ever be able to accurately predict the outcome of individual operations. Similar large multivariate studies are required for other interventions that are commonly used for CTS, such as night splinting and local corticosteroid injection.
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